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Abstract 
This work is on the interaction of residual stresses and fatigue cracks in welded steel plates. A longitudinal dummy weld was 
used to create high tensile residual stresses in axial loading direction. The fatigue crack was trained to start at an artificial notch 
and propagated through a field of high tensile residual stresses. The fatigue crack propagation as well as the re-distribution of 
residual stresses were studied in detail by combined experimental methods. The mean stress was varied as well as the residual 
stress state of the samples used. Samples were tested as-welded as well as stress-relieved at R = (Vmin/Vmax) = 0, R = -1 and R = -
3. The materials used were a typical fine grained construction steel S355J2+N as well as a high strength quenched and tempered 
steel S960QL.  
It is shown how residual stress are degraded and in which way moderate residual stresses affect the fatigue strength of welded 
steel plates. The combined effect of residual stresses and load mean stresses is discussed. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of CETIM. 
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1. Introduction 
The estimation of the fatigue strength of welded steel or aluminum structures is nowadays still a major issue in all 
engineering disciplines. Nominal stress approaches can be generally used for a safe structural design but might be 
sometimes too conservative. One reason for being over-conservative is the uncertainty regarding residual stress 
effects. Most design guidelines [1-3] do not consider mean stress effects due to the general assumption of high 
tensile residual stresses from welding. However it is known that welding does not necessarily lead to high tensile 
residual stresses depending on the phase transformation behavior of the materials used [4]. High tensile mean 
stresses are rather a consequence of other sources such as suppressed distortion and could theoretically be controlled 
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during manufacturing. In fact, many structural details show mean stress dependency even in large scale. Another 
issue is the accurate determination of fatigue crack growth. It could be shown earlier how fatigue crack growth 
might be estimated wrongly in cases where residual stress fields were not accounted for [5-7]. Especially the 
residual stress degradation and re-distribution due fatigue crack growth are a major source of uncertainty for 
accurate crack growth calculations [8]. 
The residual stress relaxation due to cyclic loading can be categorized in four general cases [9]. These cases 
consider the maximum or minimum load stress in relation to the local yield strength. The first case represents a 
stable residual stress state in which the maximum load stresses do neither reach the static nor cyclic yield strength. 
The second case considers residual stress relaxation according to cyclic softening of the material. The residual 
stresses are degraded gradually during cycling due to decreasing yield strength. This process continues until the 
yield strength is not further reduced cyclically and not further overcome by the load stresses. The third case 
considers the case of static residual stress degradation at the very first load cycle. This can be observed if the 
material’s yield strength is not cyclically degraded or hardening effects due to local plasticity occurs. The fourth 
case describes residual stress degradation as a combination of cyclic and static residual stress relaxation (cases three 
and four). These mechanism described are valid in the absence of fatigue cracks only and can thus describe the 
residual stresses used for design concepts based on nominal stresses respectively the initial conditions. Next to the 
relaxation effects described residual stress re-distribution may occur in case of growing fatigue cracks. Fatigue 
cracks cannot bear tension stresses but compression. Thus the conditions for residual stress equilibrium are changed 
compared to un-cracked sections. It has been observed that tensile residual stresses are shifted through an aluminum 
alloy plate by a propagating crack [8]. The highest residual stresses were always located in front of the crack tip 
whereas the cracked area itself was in compression. It was concluded here that the compressive residual stresses in 
the cracked area result from measurement error. In fact, the resulting residual stress field may depend on the 
circumstance if the applied fatigue load ends with a compression on tension cycle. However, it is still an open 
question how residual stress fields behave in cases of macroscopic fatigue cracks. This work shows the major 
mechanisms of residual stress degradation and re-distribution in welded steel plates. 
2. Experimental work 
Fatigue test were carried under axial alternate tension-compression loading. The mean stresses applied as well as 
the residual stress condition of the specimen were varied. The objective of these fatigue tests was the determination 
of the total fatigue life until specimen failure as well as crack propagation. The crack propagation was related to the 
residual stress field in the close surrounding of the crack tip. The residual stresses near the crack tip were determined 
by means of combined experimental determination. The methods used were X-ray and neutron diffraction. Residual 
stresses were determined at different stages of fatigue life. The stages investigated were at first the initial residual 
stresses after welding (as-welded AW) and after thermal stress-relieve (SR). Further residual stresses were 
determined after static loading at increasing load steps showing residual stress degradation in the absence of fatigue 
cracks. Next fatigue cracks of specific lengths were generated and the residual stress re-distribution close to the 
fatigue crack tip was studied. The following section describes the experimental investigations more in detail. 
2.1. Specimen preparation 
All specimens were made from low-carbon construction steels (thickness t = 3 mm) at two different steel grades. 
The mild steel (grade S355J2+N; 1.0577) with ferrite-pearlite microstructure showed a yield strength of 
ReH = 440 MPa and a ultimate strength of Rm = 560. The high strength steel (grade S960QL; 1.8933) with bainite-
martensite microstructure showed a yield strength of Rp0.2 = 1010 MPa and an ultimate strength of Rm = 1075 MPa. 
The specimen geometry is shown in Fig. 1(a). 
The samples were cut and milled to the final dimensions as well as sanded to a smooth surface before welding. In 
addition all plates were thermally stress-relieved after mechanical processing for 30 minutes at 600 °C (S355J2+N) 
and 570°C (S960QL) respectively. This was done to ensure that welding was the last production step and residual 
stresses from welding were not affected by any mechanical treatment. A dummy weld was created using a fully 
mechanized TIG (tungsten inert gas)-welding process without filler metal (welding speed v = 12 cm/min; current 
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I = 100 A; arc voltage U = 10 V). The welding was performed in axial sample direction aiming at high tensile 
residual stresses in loading direction. The heat input of Q = (U*I/v) = 50 kJ/mm led to cooling times t8/5 (800 °C to 
500 C) of 9 s. All samples were clamped by means of mechanical devices avoiding welding distortion. 
The resulting hardness is shown in Fig. 1(b). The base metal showed a hardness of 175 HV1 (S355J2+N) and 
340 HV1 (S960QL) respectively. Welding led to an increased hardness in the molten zone for both materials. In 
case of S960QL the high hardness was reduced by the thermal stress-relieving (SR).  
The fatigue cracks were trained to initiate at artificial notches in the middle of the specimens, Fig. 1(a). The 
notches were created by means of hole drilling (d = 1.5 mm) and wire-cutting (0.3 mm) perpendicular to the loading 
direction. The artificial notches were located in the weld metal. As-welded samples were tested directly after 
creation of the artificial notches, thermally stress-relieved samples were annealed using the same parameters as 
stated above. 
 
(a)
 
(b) 
 
Fig. 1. Specimen geometry with artificial notch (a) and hardness distribution after welding (b) 
2.2. Fatigue testing 
Fatigue testing of specimens made from S355J2+N was conducted at three constant stress ratios of 
R = (Vmin/Vmax) = 0, R = -1 and R = -3 by [10]. Samples made from S960QL were tested at R = 0 only. The stress 
amplitude was Va = 130 MPa (S355J2+N) and Va = 130 MPa (S960QL) respectively. Whereas the stress amplitude 
was kept constant, samples were tested as-welded and thermally stress-relieved. All samples were tested until 
specimen fracture in the same servo-hydraulic load frame at 20 Hz. 
A number of three specimens each condition were tested estimating statistical error of the number of load cycles 
to failure. Next to the numbers of load cycles to failure crack propagation was measured using crack propagation 
sensors. The crack gauges (TK-09-CPA01-005 Micro-Measurements) used contained 20 grid lines with a distance 
of 0.25 mm. Crack sensors were glued one-sided next to the artificial notch, Fig. 2. The crack observation at one 
side only was chosen due to preliminary investigations which showed symmetrical fatigue crack growth. The 
lengths of the artificial notch a0 as well as from the first grid line to the notch were determined for every sample 
manually by means of macroscopic photographs. The length of a0 varied slightly between 1.8 mm and 2.0 mm. The 
crack length a is defined from the notch to the crack tip, Fig. 2.  
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Fig. 2. Artificial notch close up with crack sensor and measurement path for residual stress determination 
2.3. Residual stress measurements 
The experimental methods used residual stress measurements were X-ray and neutron diffraction. Residual 
stresses were determined along a path from the notch to the sample edge, Fig. 2. They were measured in loading 
direction only as this stress component complies with the crack driven force under fatigue loading. X-ray diffraction 
was used on unclamped samples containing fatigue cracks resulting from loading at different R-ratios. Neutron 
diffraction was used in-situ for notched samples studying residual stress relaxation. Crack sensors were removed 
carefully without scratching the sanded surface.  
Surface residual stresses (plane stress) were determined from X-ray diffraction patterns using the sin²<-method. 
The primary slit was a collimator with a diameter of 0.8 mm. Cr-KD radiation was used to obtain {211}-
ferrite/martensite patterns from 11 <-angles. X-ray diffraction was conducted at the residual stress laboratories in 
Braunschweig (Germany) whereas neutron diffraction was carried out at the Heinz Maier-Leibnitz Zentrum (MLZ), 
Garching (Germany). At MLZ, the STRESS-SPEC instrument was used. Diffraction patterns were determined from 
{211}-ferrite/martensite {hkl}-planes as well. The measuring volume was set to a cube of 1x1x1 mm³ and located in 
the center of the 3 mm thick samples. At the STRESS-SPEC instrument a 50 kN load frame was used allowing for 
(residual) stress measurement under (and subsequent to) application of mechanical tension loading. The applied load 
levels were chosen to 1 kN (considered as “free”), 6 kN (1st step), 12 kN (2nd step) and further increased by 6 kN up 
to close to the nominal yield strength of the base metal (S355J2: 36 kN) respectively the maximum load capacity of 
the load frame (48 kN). After each load step, the tension was lowered to 1 kN to determine the residual stresses after 
residual stress relaxation. The load step increase of 6 kN is corresponding to 50 MPa in terms of load stresses. 
3. Experimental results 
3.1. Fatigue testing 
The fatigue test results are shown in Table 1. Given here are load cycles to failure as mean values from three 
samples each condition and the corresponding standard deviations. Significant changes in fatigue life can be seen 
after thermal stress-relieve depending on the applied R-ratio and material. Compressive mean stresses (R = -3) lead 
to the highest number of load cycles until failure both as-welded and thermally stress-relieved. Thermally stress-
relieved samples showed approximately four times higher fatigue life than as-welded samples. At zero mean stress 
(R = -1) the fatigue life is roughly doubled after annealing. At tensile mean stress (R = 0) thermal stress-relieve has 
almost no effect on the number of load cycles to failure in case of S355J2. Interestingly the fatigue life was reduced 
by thermal stress-relieve in case of S960QL. Compared to the effects from thermal stress relive of S355J2 this effect 
is opposite. Overall it is to mention that the chosen stress amplitude of Va = 130 MPa (S355J2) led to fatigue life 
ranging from 40,800 to 862,099 load cycles. S960QL samples in as-welded condition needed to be loaded 
significantly higher to achieve comparable numbers of load cycles. 
  
248   Jonas Hensel et al. /  Procedia Engineering  133 ( 2015 )  244 – 254 
     Table 1. Results of fatigue tests, load cycles to failure 
Condition: a As-welded  Thermally stress-relieved 
R-ratio 
(material) 
Nominal stress 
amplitude Va 
Load cycles 
to failure 
+/- s  Load cycles 
to failure 
+/- s 
0 (S355J2+N) 130 MPa 40,800 1,673  44,920 5,071 
-1 (S355J2+N) 130 MPa 93,771 11,257  214,805 14,236 
-3 (S355J2+N) 130 MPa 215,213 43,120  862,099 23,496 
0 (S960QL) 167 MPa 74,232 5,591  28,227 1,343 
 
The crack propagation was observed during fatigue testing as shown in Fig. 3. Given here are the crack lengths a 
(see Fig. 2) over the applied number of load cycles. It can be seen that the first grid line of the crack sensor was 
located between 0.5 mm and 2.0 mm from the artificial notch. Filled symbols represent specimens as-welded and 
open symbols represent stress-relieved samples. Fig. 3(a) shows results from samples made from S355J2. For all 
stress ratios and residual stress conditions it can be seen that a considerable amount of fatigue life was consumed 
until the crack reached the crack sensor. Stress-relieving yielded to significant slower crack propagation. In case of 
S960QL, Fig. 3(b), stress-relieving led faster crack growth.  
 
(a)  
S355J2 
 
(b)  
S960QL 
 
 
Fig. 3. Crack propagation results for S355J2 (a) and S960QL (b) 
3.2. Residual stresses relaxation S355J2+N (static loading) 
Residual stress relaxation of specimens made from S355J2 was investigated using the STRESS-SPEC load frame 
at MLZ. The objective was the determination of residual stress stability under the applied fatigue loads. The stability 
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of residual stresses under static loading can be interpreted as behavior under cyclic loading at the first load cycle 
applied.  
Fig. 4 shows the residual stresses in axial sample direction from both thermally stress-relieved and as-welded 
samples. The measuring path is given in Fig. 2. Stresses in these samples were obtained while the static loads were 
applied (left side of Fig. 2(a) and Fig. 2(b)) as well as subsequently to the applied load steps (right side of Fig. 2(a) 
and Fig. 2(b)). Beginning with stress-relieved samples it can be seen from Fig. 2(a) that the remaining residual 
stresses after the annealing process were between 50 MPa and -50 MPa. Mechanical loading in steps of 6 kN 
(corresponding to 50 MPa nominal stresses) led to increasing stresses along the measuring section up to the nominal 
yield strength of the material. Total stresses above the nominal yield strength were observed in the heat affected 
zone (HAZ) which can be explained by the changes of the local material properties due to the welding process. 
Subsequently to the applied loads residual stresses remained unchanged which indicates linear elastic material 
behavior during loading.  
 
(a)  
S355J2 
stress-relieved 
 
(b)  
S355J2 
as-welded 
 
Fig. 4. Total stresses (sum of load stresses and residual stresses) and residual stresses after static loading stress-relieved (a) and as-welded (b) 
3.3. Residual stresses relaxation S355J2+N (cyclic loading) 
Residual stresses were investigated at cyclically loaded samples with specific fatigue crack lengths by means of 
X-ray diffraction. The residual stresses were determined at the welded specimen side in loading direction. The crack 
lengths chosen were a = 3 mm and a = 6 mm. For these crack lengths, the residual stresses were determined and 
compared to the initial residual stresses without fatigue loading. The initial residual stress states used for these 
investigations were thermally stress-relieved (SR) and as-welded (AW). Samples in both residual stress conditions 
were fatigued with a nominal stress amplitude of Va = 130 MPa at stress ratios of R = -1 and R = 0. Fig. 5 shows the 
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obtained residual stress distributions (in most cases residual stresses were measured one-sided from the notch to the 
edges and mirrored for better understanding). The initial residual stress conditions determined by means of X-ray 
diffraction are comparable to those obtained by neutron diffraction, Section 3.2. Residual stresses after stress-
relieving are close to zero. Without thermal stress-relieve, samples show tensile residual stresses up to 200 MPa near 
the heat affected zone. Residual stresses directly at the weld toe are lower and in a narrow band even in 
compression. The residual stress equilibrium causes compressive residual stresses up to 300 MPa at the edges of the 
samples. Fig. 5(a) shows the behavior of residual stresses for cracks with a length of a = 3 mm (SR: N =140,040; 
AW: N =76,117) and a = 6 mm (SR: N =180,040; AW: N =85,484). It can be seen from the left diagram that 
residual stresses were changed only slightly during ongoing crack growth. The compressive residual stresses were 
slightly lowered but overall changes are small. The right part of Fig. 5(a) shows the redistribution of residual 
stresses in as-welded samples. The tension peak is shifted with the crack tip further to the edges of the samples. The 
magnitude of tensile residual stresses is not significantly affected by the short crack (a = 3 mm) but slightly lowered 
by the long crack (a = 6 mm). Compressive residual stresses at the sample edges are lowered earlier. The crack of 
a = 3 mm already lowered residual stresses to roughly 200 MPa. Further crack growth to a = 6 mm led to further 
reduction to approximately 100 MPa. The cracked areas are almost free of any residual stresses for both as-welded 
and thermally stress-relieved. 
 
(a)  
S355J2 – R = -1 
stress-relieved (SR) and 
as-welded (AW) 
 
(b)  
S355J2 – R = 0 
stress-relieved (SR) and 
as-welded (AW) 
 
Fig. 5. Residual stresses (RS) in specimens with different crack lengths generated by alternating tension-compression loading (R = -1; 
Va = 130 MPa) and alternating tension loading(R = 0; Va = 130 MPa): Thermally stress-relieved (left) and as-welded (right) 
Fig. 5(b) shows the residual stresses for similar initial residual stress conditions and crack lengths (a = 3 mm, SR: 
N =35,077; AW: N =31,746; a = 6 mm, SR: N =40,039; AW: N =23,482) but a different stress ratio of R = 0. It can 
be seen from the left part of this figure how residual stress fields arise from cyclic loading with higher maximum 
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load stress. In front of the crack tip tensile residual stresses up to 50 MPa were determined. The crack itself is in 
compression for both crack lengths. The magnitude of compressive residual stresses almost reaches 200 MPa. The 
location of tensile peak is shifted further to the sample edges with ongoing fatigue crack growth. In case of as-
welded samples the higher maximum load stresses led to a degradation of the maximum tensile residual stresses. 
Maximum residual stresses were reduced to 100 MPa and shifted further apart the weld by the ongoing crack 
growth. The long crack (a = 6 mm) led to high compressive residual stresses near the crack tip. Further the residual 
stresses in the un-cracked base metal were changed significantly different compared to the case of R = -1. The short 
crack led to significant residual stress relaxation (from -300 MPa to – 100 MPa) whereas the long crack generated 
50 MPa tensile residual stresses.  
3.4. Residual stresses relaxation S960QL (static and cyclic loading) 
Similar investigations on the behavior of residual stresses were also conducted using high strength steel S960QL. 
Samples made from this steel grade were loaded statically at STRESS-SPEC (MLZ) to the ultimate tension capacity 
of the load frame (48 kN). Fig. 6(a) shows selected results from these measurements on samples in as-welded 
condition. The left diagram shows the total stresses (sum of load stresses and residual stresses) at load levels of 1 kN 
(considered as “free”), 42 kN and 48 kN (400 MPa nominal stresses). The initial residual stress state (1 kN) shows 
compression and tension components. The heat affected zone (up to 5 mm from the weld center line) is in 
compression. Approximately -150 MPa were determined at the artificial notch. The tension maximum is located 
7 mm from the weld center line and reaches 400 MPa. The sample edges (10 mm to 20 mm) are almost free of 
stresses. The application of a static load of 42 kN led to an increase of the total stresses at the artificial notch to 
100 MPa. The tension maximum was increased to 1000 MPa whereas the stresses at the edges were increased to 
450 MPa. Further load increase to 48 kN led to further increased stresses at the sample edges only. Post to the load 
steps applied, residual stresses were determined as well, Fig. 6(a) right diagram. It can be seen that the load of 42 kN 
led to a slight decrease of the tensile residual stress peak and a slight degradation of the compressive residual 
stresses at the artificial notch. Overall the changes of the residual stress profiles were comparably small. 
Thermal stress-relive reduced residual stresses to -100 MPa, Fig. 6(b) left diagram. Fatigue crack growth in as-
welded samples caused similar effects as observed in case of S355J2, see Section 3.3. The short crack (a = 3 mm) 
led to a shift of the tension peak further into the base metal, Fig. 6(b) right diagram. The tension maximum was 
lowered slightly. Further crack growth (a = 6 mm) led a full reduction of tensile residual stresses. The crack tip itself 
is in compression. 
4. Discussion 
The experimental results showed how fatigue strength can be affected by residual stress states. The here 
presented residual stress measurement results can be used for interpreting residual stress behavior in fatigue loaded 
welds. Samples made from S355J2 showed tensile residual stresses in loading direction resulting in a fatigue 
strength improvement from stress-relieving heat treatment. The fatigue strength was increased significantly by 
annealing for zero and compressive mean stresses. Tension mean stresses led to comparable fatigue strengths for 
both residual stress conditions as-welded and thermally stress-relieved. Although tensile residual stresses in loading 
direction were generated by the welding process as-welded samples showed a higher sensitivity to mean stresses. 
Different mean stresses led to a varying fatigue life. This can be explained by the relatively low tensile residual 
stresses directly at the artificial notch. The crack propagation measurements showed that the number of load cycles 
to failure was very close to the number of load cycles corresponding to a crack length of a = 3 mm. This means the 
residual stresses directly at the notch have severe influence on the total fatigue life. In terms of real welded 
structures this would correspond to the residual stresses at the weld toe. These are normally lower than in the weld 
itself or the base metal. This is an effect of the austenite phase transformation which lowers tensile residual stresses 
from hindered shrinkage by hindered volume expansion at low temperatures.  
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(a)  
S960QL - static loading 
as-welded  
 
 
(b)  
S960QL – R = 0 
stress-relieved (SR) and 
as-welded (AW) 
 
Fig. 6. (a) Total stresses (sum of load stresses and residual stresses) and residual stresses after static loading. (b) Residual stresses in specimens 
with different crack lengths generated by alternating tension loading(R = 0; Va = 130 MPa): Thermally stress-relieved (left) and as-welded (right) 
Further the total stress distributions in the close surrounding of the notch of as-welded and thermally stress-
relieved (Fig. 4(a)) are quite different at low load levels, for instance at 12 kN. At higher load levels such as 30 kN 
corresponding to the maximum stress at R = 0, they are not so different anymore. This explains the differences in 
terms of crack propagation which have been determined at different stress ratios and different residual stress 
conditions. The residual stress relaxation observed in these investigations is of the type three, mainly according to 
the static yield strength. Residual stress relaxation was observed if the sum of load stresses and residual stresses 
overcame the yield strength of the material. The nominal load stress had shown as not suitable to estimate the load 
level at which the yield strength was reached. Reason for this is the reduced net cross section through the artificial 
notch and the propagating crack. The artificial notch reduced the net section by approximately 10% 
(4 mm x 3 mm = 12 mm²) resulting in a stress increase of corresponding order. The short crack (a = 3 mm) led 
already to a stress increase of roughly 25 % and the long crack (a = 6 mm) to approximately 40 %. This is the reason 
why tension residual stress maxima were further reduced with propagating crack growth. This effect was stronger at 
higher tensile mean stresses as shown in Fig. 5. 
Using S960QL resulted in different initial residual stress state. Compressive residual stresses were proven near 
the artificial notch. The different residual stress state was not generated on purpose by welding as welding 
parameters were simply transferred from S355J2. But the different material properties at elevated temperatures, 
especially the higher yield at martensite start temperature, as well as the different phase transformation properties 
allowed for stronger effects from austenite phase transformation. Crack propagation measurements proved the effect 
of those compressive residual stresses that led to higher fatigue strength as-welded compared to stress-relieved. 
Fig. 6(a) shows that the residual stresses are stable even at high load levels. The highest applied load led to small 
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residual stress relaxation since the total stresses exceeded the yield strength of  Rp0.2 = 1100MPa. The effect of 
residual stress degradation was higher in case of cracked specimens due to the reduced net section.  
The combined influence of stabilized residual stresses and mean stresses is shown in Fig. 7. Residual stresses 
(3 mm apart the artificial notch) were evaluated from the residual stress measurements and add up to the nominal 
load mean stresses. It was found that the load cycles show a decreasing trend with increasing effective mean stress 
and increasing load stress amplitude. The combination of stabilized residual stresses and load mean stresses allows 
fitting both as-welded and thermally stress-relieved samples into the same scatter band. The trend can be described 
by an exponential fit as shown in Fig. 7. This plot shows how stabilized residual stresses and load mean stresses can 
be combined for the evaluation of the fatigue strength of a welded component. 
 
 
Fig. 7. Number of load cycles to specimen failure in relation to the effective mean stress (sum of load mean stress and residual stresses at the 
artificial notch) 
In general some conclusions can be made based on the aforementioned results: 
x Residual stresses in welded steels are mainly degraded if the sum of residual stresses and load stresses overcome 
the yield strength of the material. Residual stress relaxation due to local yielding causes a change of the entire 
residual stress distribution. In case of the used construction steels welding residual stresses are relaxed according 
to the static yield strength. 
x Stable residual stresses have severe influence on the crack propagation and thus the fatigue life of welded steels. 
It was shown that even moderate residual stresses (< 50 % of the yield strength) have a huge impact on the 
fatigue performance. Nevertheless both residual stress conditions, as-welded and stress-relieved, showed 
sensitivity to load mean stresses.  
x Propagating fatigue cracks led to a re-distribution of residual stresses. This should be considered if the 
macroscopic fatigue crack propagation behavior is of interest. 
Summarizing it was shown how residual stresses behave under cyclic loading. The interaction of residual stresses 
and fatigue crack growths was discussed and a model for the evaluation of the combined influence of residual 
stresses and load mean stresses was proposed. 
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